Abstract. The oscillation of the four-probe electric resistance of monatomic carbon chains as a function of electron energy was theoretically analysed on the basis of non-equilibrium Green's function formalism and the self-consistent charge density-functional tight-binding method. We constructed spectra from the spacing of the oscillation peaks in four-probe resistance spectra. The interference effect caused by multiple reflections and resonant scattering at the contacts were extracted separately from the peak spacing spectra. Analysis of the peak spacing spectra may provide a powerful tool to extract information about scattering processes in four-probe resistance measurements.
Introduction
The electronic properties of various nanostructures are currently undergoing experimental and theoretical investigations aimed at formulating basic concepts for future nanodevices and nanoscale circuits. A topic of growing importance is the measurement of the intrinsic properties of nanotubes and nanowires, without the effects of contact resistance, using four-probe measurement techniques [1] - [4] .
However, the four-probe resistances of nanostructures sometimes show remarkable features due to quantum coherent transport. For example, Gao et al reported a negative four-probe resistance and the oscillation of four-probe resistance as a function of gate voltage in the four-probe measurements of single-walled carbon nanotubes (SWNTs) at low temperature [5] . Makarovski et al observed a non-local four-probe resistance of SWNTs that cannot be understood using classical circuit models and which oscillated as a function of the gate voltage [6] .
To evaluate the remarkable phenomena observed in four-probe measurements, we theoretically investigated the behaviour of multi-probe nanoscale electron conduction. In a previous paper, we reported our theoretical reproduction of both the negative four-probe resistance and the oscillation of the four-probe resistance as a function of electron energy. We found that the oscillatory behaviour of the four-probe resistance depended strongly on the sample-probe configuration [7] . These features were understood qualitatively in terms of the interference caused by multiple reflections between the voltage probes. This causes difficulty in interpreting four-probe resistance in the coherent transport regime, because it is difficult to distinguish the intrinsic properties of the sample from those due to interference. In this work, we attempted to extract the interference effects from four-probe resistance spectra by analysing the peak spacing spectra of the four-probe resistance.
This paper is organized as follows. The calculation model and methods are given in section 2. In section 3, examples of the oscillation of four-probe resistance are presented, and the origin of the oscillation is interpreted on the basis of the interference caused by multiple reflections between sample-probe contacts. The analysis of the peak spacing spectra from the four-probe resistance spectra is also discussed. In section 4, we summarize the paper. The four-probe model, consisting of monatomic carbon chains. The circles represent carbon atoms. The bond length in the carbon chain was set to 0.14 nm for simplicity. Probes 1 and 4 are current probes and probes 2 and 3 are voltage probes.
Calculation model and methods
In this paper, the four-probe resistance of the system consisting of monoatomic carbon chains shown in figure 1 was examined to understand the general properties of multi-probe nanoscale electron transport. The system consisted of a sample carbon chain, voltage probes (probes 2 and 3) and current probes (probes 1 and 4). The current probes were coupled to the sample chain seamlessly, without scattering. The distance between voltage probes was denoted as d 23 and the sample-probe distance as d s-p . The matrix representation of Green's function of the scattering region,
, was calculated using the density functional tight-binding (DFTB) method [8] - [10] and the mode-matching method [11, 12] .
In the DFTB method, the overlap matrix S and the non-self-consistent Hamiltonian matrix H 0 are determined by parametrized calculation based on the density functional theory with the electron density of neutral atoms. We used the non-self-consistent DFTB parameters developed by Porezag et al [8] for the calculation of S and H 0 . Additionally, the charge transfer from the neutral atoms is taken into account using the self-consistent charge DFTB (SCC-DFTB) scheme of Elstner et al [9] and Frauenheim et al [10] . In this scheme, the electrostatic potential induced by the charge transfer and the corresponding Hamiltonian H 1 are determined by the deviation of Mulliken charges from those of neutral atoms. Then, the deviation of Mulliken charge of atom i, q i , and charge-dependent Hamiltonian H 1 can be expressed as
where indices µ and ν represent the atomic orbitals, i, j and k represent the atoms, D µν denotes the density matrix obtained from Green's function and γ i j is the interaction energy between atoms i and j having unit charge on each atom. Because of its capability for self-consistent calculation with low calculation cost, this DFTB-non-equilibrium Green's function (NEGF) formalism has become one of the leading techniques in the study of nanoscale electronic transport [13] - [15] . To calculate the self-energy matrix p (E) of probe p, we adopted the mode-matching method developed by Ando [11, 12] .
In Green's function formalism, the S-matrix elements s pq mn and transmission function between probe p and probe q, T pq , are calculated using the Fisher-Lee equation (see appendix A and [12, 16] ),
where V p m , u p m are the mth eigenvalue and corresponding eigenvector of the broadening function p (E) of probe p, respectively. In the zero-bias and zero-temperature limit, the relationship between the four-probe resistance and the transmission function can be expressed in terms of the transmission functions [7, 17] ,
where
We used (5) to obtain the four-probe resistance as a function of the energy E of incident electrons, which can be experimentally controlled by adjusting the gate voltage to modulate the Fermi level.
Calculation results
First, we calculated the energy dependence of the four-probe resistance R 4pt for d 23 A schematic of multiple reflections in the four-probe system given in figure 1 . There are only four types of transmissions, as shown above, because T pq = T qp in the absence of a magnetic field, given the spatial symmetry of the system. The total transmissions were affected by the phase shift of propagation in the sample chain and by the scattering amplitudes r , t and t at the sample-probe contacts.
were observed in the four-probe resistance spectra for both cases, but the shapes of the spectra differed greatly between the two cases. The origin of these oscillations can be understood by a simple model of electron interference, which was introduced in previous work [7] , as shown in figure 3 . In this model, the total transmitted waves were expressed as the summation of multiple reflected electron waves between two sample-probe contacts, and the amplitudes of the transmitted waves were affected by the interference from multiple reflected waves. This interference causes the oscillation of transmissions as a function of the electron energy E, since the wave number k, which determines the phase shift of multiple scattering, varies depending on E. The four-probe resistance is also affected by this interference, since the four-probe resistance is proportional to T 12 T 43 − T 13 T 42 (= T 2 21 − T 2 31 for symmetric systems). The four-probe resistance can be negative because of the different interference effects on T 21 and T 31 due to different multiple scattering processes. A typical example of this feature is shown in figure 2(b) , in which the four-probe resistance drops sharply to a negative value near the minimum points.
Although the interference model successfully reproduced the oscillatory behaviour of four-probe resistance, there was one crucial unresolved problem: how can one obtain the intrinsic sample properties from the four-probe resistance spectrum, which also contains mixed information resulting from interference and scattering?
To answer this question, we constructed spectra from the spacing of the oscillation peaks in the four-probe resistance spectra. We defined the peak spacing spectrum as the spacing energy between adjacent minima in a four-probe resistance spectrum, as a function of the midpoint of the energies of two adjacent minimum points. In the peak spacing analysis, we assumed that the The peak spacing spectra E calc of the four-probe resistance spectra of the NEGF calculations, and the peak spacing spectra E 0 eq predicted from the interference model, at a voltage probe distance d 23 of 2.80 nm and a sample-probe distance d s-p of (a) 0.14 nm and (b) 0.22 nm. The value of E calc was defined as the difference in energy between adjacent minimum points, and the variable of E calc was defined as the midpoint energy of two adjacent minima.
finest oscillation in the four-probe resistance can be described by the interference of transmitted waves. Then, we derived the peak spacing E 0 eq expected from the phase shift of reciprocation, 2kd 23 , and compared it with the peak spacing E calc of the NEGF results. Since the difference in phase shift (2kd 23 ) was approximately 2π between adjacent pairs of peaks, we can derive the relation between the wave number k and the expected peak spacing E 0 eq as
Therefore, E 0 eq can be expressed on the basis of the group velocity of electrons ∂ E/∂k and the voltage probe distance d 23 as Figure 4 shows the calculated peak spacing spectra E calc from the four-probe resistance spectra of figure 2, together with the derived peak spacing spectra E 0 eq from (8) . For E 0 eq , we used the group velocity ∂ E/∂k in the sample chain calculated using the eigenvalue of the broadening functions (see appendix A). The circles in figures 4(a) and (b) correspond to E calc and the solid lines correspond to the derived peak spacing spectra E 0 eq in (8). In figure 4(a) , E calc agreed with E 0 eq well. In contrast, E calc deviated from E 0 eq , and fell sharply near E − E F = −1.29 eV, as shown in figure 4(b) . This difference indicates that the assumption in (8) works well at d s-p = 0.14 nm, but that some effects neglected in (8) appear at d s-p = 0.22 nm.
To clarify the origin of the valley visible in E calc of figure 4(b), we examined several configurations of different sample-probe distances d s-p and voltage probe distances d 23 , as shown in figure 5 . We observed two notable features in these peak spacing spectra. One is that the valleys in the peak spacing spectra shifted to higher energy and became shallower with decreasing d s-p , as can be seen in figure 5(a) . This feature was also observed at different voltage probe distances (figures 5(b) and (c)). The other is that the changes in the voltage probe distance had little effect on the positions of the valleys. These two features suggest that we must consider details of scattering at sample-probe contacts that are neglected in (8) .
To understand the effect of scattering at the sample-probe contacts, we again derived the peak spacing from the interference model, including the amplitudes of scattering, denoted as r, t and t in figure 3 . In this case, the form of the derived peak spacing was modified, as
where r x and t x represent complex amplitudes of reflection and transmission in the sample chain, and the index x indicates the conducting channel constructed by the 2 p x orbitals of carbon atoms in the sample chain. To obtain r x and t x in each sample-probe distance, we calculated the S-matrix elements of the three-probe system shown in figure B.1(a) using (3) . We show the detailed derivation of (9) in appendix B. The thin solid, dashed and dotted lines in figure 5 show the modified peak spacing spectra E eq . Excellent agreement is obtained between E eq and E calc in each case. This agreement is quite reasonable, since the NEGF result contains the whole interference effect, including that caused by the multiple reflections and that caused by the scattering at contacts. Thus, the deviation of E calc from E 0 eq resulted from the term
. This term was closely related to resonant scattering at the sample-probe contacts, as we show in the following discussion of the local and projected density of states (PDOS) around the energy where the valleys appear in the spectra of figure 5 . The local density of states (LDOS) at the energies in the centres of the valleys in E calc for different d s-p are shown on the left of figures 6(a)-(c). As seen in these figures, there are states with large amplitudes at the tip atoms of the probes around the energies that corresponded to the valleys. On the other hand, peaks appeared in the PDOS at the 2s and 2p x orbitals of the tip atoms for different d s-p , as seen on the right of figures 6(a)-(c) , suggesting the existence of resonant states localized around the tip atom. The energies of these peaks correspond well with those of the valleys in the peak spacing spectra. This good correspondence suggests the possibility of observing these resonant states experimentally through an analysis of the peak spacing spectra of four-probe resistance measurements in the coherent transport region.
We also consider the sensitivity of the peak spacing spectra to the inelastic processes in the quasi-coherent transport region based on the approximation of 'zero vertical current' [18] . In this approximation, the electron waves are divided into the phase coherent component and the incoherent one due to the inelastic process. The amplitude of the phase coherent component is decreased as the effect of the inelastic process increases, but the phase of the coherent component of electron wave remains the same. This causes the decrease in the oscillation amplitude of four-probe resistance, whereas the peak spacing of four-probe resistance is insensitive to the inelastic process. This approximation of zero vertical current is valid when the thermal fluctuation factor k B T is small enough compared with the peak spacing E of fourprobe resistance. We can say that this condition is satisfied in the experimental situation [5] , because k B T ∼ 10 −4 eV and E 0 eq ∼ 10 −2 eV under d 23 = 140 nm andhv n (E) ∼ 3.3 eV nm −1 .
Summary
Nanoscale four-probe resistance in the coherent transport region can show complicated behaviour due to mixed effects of the interference and scattering at the contacts. To extract information about the interference caused by the four-probe configuration from the nanoscale four-probe resistance data, we analysed the peak spacing spectra of four-probe resistance spectra on the basis of a four-probe model. This model consisted of a monoatomic carbon chain and a simple model of interference caused by multiple reflections between probes. We compared the peak spacing spectra of four-probe resistances obtained from the NEGF results with those predicted by the simple interference model. The effects of resonant scattering were observed as deviations in the peak spacing spectra of the NEGF results from those of the simple interference model. This result suggests that peak spacing analysis can be employed to observe the resonant states experimentally using four-probe resistance measurements. The peak spacing spectra provide a simple means to understand the complicated features of interference in multi-probe coherent electron transport. chains, π x and π y , consisting of 2p x and 2p y orbitals, respectively. (Note that there was no interchannel transport in the carbon chain system we employed, because there was no matrix element between p x and p y in the entire system.)
Using r n , t n and t n (n = x, y), the explicit forms of the transmission functions can be written as Among these terms, we can evaluate the oscillatory behaviour of four-probe resistance with |1 − r x (r x − t x )e 2ikd 23 |, as will be explained in the following discussion.
As mentioned above, the four-probe resistance showed large oscillations, and could be negative due to different interference effects on T 21 and T 31 . To evaluate the peak spacing spectra, we assumed that the minimum points of the four-probe resistance were determined predominantly by the interference term related to the negative resistance. The condition that results in a negative four-probe resistance can be written as We must generally consider the contributions of both channels. In the present case, however, the oscillation of the terms belonging to π y was much smaller than those of π x , because the reflection amplitude r y was much smaller than r x . Thus, the following condition must be satisfied for a negative four-probe resistance, Assuming that the difference in phase shift θ must be 2π between an adjacent pair of minima, we obtained the relationship between the spacing E eq between adjacent minima and θ as 2π = θ ≈ ∂θ ∂ E E eq . (B.10)
From this relationship, we evaluated the peak spacing E eq , as in (9) .
